1. Introduction {#sec1-materials-13-03175}
===============

The dynamic development of technology observed in recent years, is closely related to the search for such a manufacturing processes, that will ensure the required final product' high quality, with minimum number of machining operations \[[@B1-materials-13-03175],[@B2-materials-13-03175],[@B3-materials-13-03175],[@B4-materials-13-03175],[@B5-materials-13-03175]\]. The mechanical cutting process is one of the most common methods of producing elements, and shaping parts in various industrial branches. High process efficiency allows the provision of a large number of parts within a relatively short production time. The development of cutting technology in recent years necessitates the improvement of analysis methods applied for this process. For a long time, difficulties associated with the strongly non-linear nature of such a process, did not allow to reach precise and universal methods of its analysis. In recent years, there has been an extremely rapid development in the field of continuous media theory, plasticity theory, and numerical methods of mechanics taking place, with the progress of computational systems and specialized software. This creates conditions in which the analysis of complex problems of plastic forming has become possible \[[@B1-materials-13-03175],[@B2-materials-13-03175],[@B3-materials-13-03175],[@B4-materials-13-03175],[@B5-materials-13-03175],[@B6-materials-13-03175],[@B7-materials-13-03175]\].

In the case of shear-slitting, the tools make a rotary movement. The rotation of each knife is influenced by the applied torque \[[@B8-materials-13-03175]\]. Quality of high cut edge is required for final workpiece. In the shear-slitting process, the mechanism of the material's separation is often very hard to control. Difficulties arise from the necessity of precise settings of technological process parameters during the production cycle \[[@B8-materials-13-03175],[@B9-materials-13-03175],[@B10-materials-13-03175]\]. A large number of these parameters require specialized knowledge of their impact on the process as well as the mutual correlation between them. Sticking material to the surface of cutting tools, sheet edge wave, sheet twisting and bowing, formation of burrs, slivers, and debris on the cut edge constitute the main difficulties while forming light metal alloys on production lines \[[@B11-materials-13-03175],[@B12-materials-13-03175],[@B13-materials-13-03175]\]. The selection of slitting parameters is done by trial and error, which increases the process' duration and the amount of waste. In case of the cut edge's defects, smoothing and deburring operations are used, which increases the costs of production. High sheared edge burrs can scratch the sheet surface during storage, and it can lead to polyurethane clamping roll's damage during the process \[[@B10-materials-13-03175],[@B14-materials-13-03175]\].

Some studies have been conducted to understand the shearing mechanisms of construction steels. The effect of shearing process conditions on sheet deformation, stress variables, fracture mechanisms and sheet defect problems based on guillotining, blanking and trimming processes was examined \[[@B15-materials-13-03175],[@B16-materials-13-03175],[@B17-materials-13-03175],[@B18-materials-13-03175],[@B19-materials-13-03175]\]. Analyses and experimental tests of the finite element method (FEM) were carried out aiming at the improvement of the cutting process. In \[[@B11-materials-13-03175]\], a sensitivity analysis of the main shearing process parameters on sliver formation mechanism was conducted. Influencing parameters were studied based on the AA6014 aluminum alloy, resulting in the obtaining of the optimized process parameter configurations. Le et al. \[[@B20-materials-13-03175]\], taking into account sheet metal prestrain, analyzed the influence of cutting clearance and tool cutting angle on sheared edge formability of aluminum. Nasheralahkami et al. \[[@B21-materials-13-03175]\], based on advanced high strength steel, studied the effect of clearance and tool wear on trimmed edge formation, and the impact of process parameters on burr defect was investigated. Golovashchenko and Wang \[[@B16-materials-13-03175],[@B22-materials-13-03175]\] investigated tensile stretching of aluminum, edge cracking and burr formation problems of material, that had previously been trimmed. In \[[@B22-materials-13-03175]\], Golovashchenko presented the results of metal sheared edge stretchability and fracture mechanism during trimming. Hilditch and Hodgson \[[@B23-materials-13-03175],[@B24-materials-13-03175]\], using FEM simulations and hardness contours of cut samples, analyzed the shearing behavior of an aluminum alloy sheet. According to the analysis of the state of knowledge, some modifications can be made to the shearing process, aiming at a reduction in defects at the cut surface. Golovashchenko \[[@B13-materials-13-03175]\] proposed supporting of the cut sheet during trimming for the AA6111-T4 aluminum alloy. The influence of the trimming clearance on the cut edge quality was investigated. According to author, supporting can reduce the burr height. Paper \[[@B25-materials-13-03175]\] presents physical and mathematical models in the case of steel bundle cutting. There was discussed the influence of cutting parameters on deformations, strains and stresses in bundles of cold-rolled steel sheets and mechanism of fracture process. Gąsiorek et al. \[[@B26-materials-13-03175]\] presented a numerical modeling and parametric study of the cutting process of sheet aluminum bundles on a guillotine. An FEM, smoothed particle hydrodynamics, and Lagrangian-Eulerian approach were coupled to simulate the physical phenomena during the cutting process.

Currently, the knowledge of aluminum alloys shear-slitting mechanisms is very limited. Some experimental methods, which are often expensive and hard to be calibrated, are presented in the literature. In the works \[[@B27-materials-13-03175],[@B28-materials-13-03175],[@B29-materials-13-03175]\], the influence of cutting process conditions on the sheared edge quality of aluminum car body panels was examined. The work \[[@B9-materials-13-03175]\] presents mathematical models, describing physical phenomena occurring at the time of cutting parts of motor vehicles. The models allow for calculation of cutting forces depending on the adopted tool geometry. In the work \[[@B10-materials-13-03175]\], the influence of the cutting knives geometry and cant angle was analyzed with respect to the plane of the sheet on the quality of the cut surface of the 1050-H18 aluminum alloy. It was proven that the value of the knife rake angle has a high impact on the height of the burrs on the cut surface. Depending on the cant angle, it is possible to increase the quality of the cut edge of the sheet's cut part. Unfortunately, it is difficult to control the quality of the cut off part's sheared edge. Hubert et al. \[[@B30-materials-13-03175]\] analyzed stress fields in the sheet metal cut edge due to the edge trimming process by two rotary knives and revealed during the cold rolling process. For the purposes of modelling the edge trimming phases, the FEA was used. In order to obtain realistic stress variables and crack profiles, special attention was drawn to sensitivity analysis and meshing procedures.

The objective of this article is to study the impact of the main shear-slitting technological process' parameters on the cut surface formation mechanisms and final quality of sheared edge of AA6111-T4 aluminum alloy. The numerical investigations were conducted with the use of the finite element method, mesh-free method SPH, and hybrid approach FEM-SPH. The results were compared with experimental investigations with the use of the vision system combined with the DiC method and scanning electron microscopy (SEM). The graphical optimization was employed using MATLAB software. The optimal point of the process efficiency was determined following the cutting process' optimization. The obtained results can be of great significance to the control of the material sheared edge's properties on production lines.

2. Experiment Setup and Results {#sec2-materials-13-03175}
===============================

The experimental research was conducted on the KSE 10/10 slitting machine ([Figure 1](#materials-13-03175-f001){ref-type="fig"}) (Prinzing Maschinenbau, Lonsee, Germany) localized at the Koszalin University of Technology. The device consists of two rotary knives, an engine, a clamping roll, and special mounts with a sheet holder. The contact between the knives and sheet is considered to be a non-sliding one. The cutting process is realized by the rotation of knives and a polyurethane roll, which move the sheet in the horizontal direction. The horizontal clearance *h~c~*, defined as the distance between the upper and the lower knife cutting edges, is set by a clearance regulator with a scale. The slitting velocity is set by a knob with a scale. The scales are very accurate, which enables the precise setting of slitting parameters.

An advanced vision-based method (digital image correlation) was used to observe material's deformation and fracture mechanisms in the sheared zone ([Figure 1](#materials-13-03175-f001){ref-type="fig"} and [Figure 2](#materials-13-03175-f002){ref-type="fig"}). A specially designed monitoring system (Koszalin University of Technology, Koszalin, Poland) was applied to record a sequence of images during the process. The images were captured at a resolution of 1280 × 1024 pixels, and at the speed 2000 fr/sec. High-speed camera *i*-SPEED TR (iX Cameras, Bradley House Locks Hill Rochford Essex, UK), i-SPEED Suite and the GOM Correlate software, were used for material displacement and strain measurement in shearing region. Specially chosen macro lenses and rings, combined with a light source, were used for investigations.

The mechanical and physical properties of AA6111-T4 aluminum alloy with thickness *t* = 1.5 mm, which are often employed for production of car body panels, doors, fenders and other smaller parts in automotive industry, are shown in [Table 1](#materials-13-03175-t001){ref-type="table"} and [Table 2](#materials-13-03175-t002){ref-type="table"}. The values of the shear-slitting variables with the ranges of variation, are presented in [Table 3](#materials-13-03175-t003){ref-type="table"}. The following parameters, such as the slitting speed (*v*~2~), the horizontal clearance (*h~c~*), and the rake angle of the upper knife (*α*), are usually controllable on industrial lines. Experiments were conducted based on the classical experimental design method, with the use of five-level rotatable plan of experiment, that is presented in [Table 4](#materials-13-03175-t004){ref-type="table"}. The research was planned with the use of the E-Planner program (Sławomir Kukiełka, Leon Kukiełka, Koszalin University of Technology, Poland). The required number of experimental points amounted to 20. The tests were carried out for three replications for each plan level.

2.1. Mechanism of Slit Edges Generation {#sec2dot1-materials-13-03175}
---------------------------------------

In this section, with the use of a monitoring system and a DiC method, we present sample results of experimental analyses. The proposed method makes it possible to track the material's flow and a cracking path. The DiC technique is widely used in static and fatigue tests, it is a non-contact and non-interferometric optical method applied for measuring the structural elements' surface deformation. References \[[@B31-materials-13-03175],[@B32-materials-13-03175],[@B33-materials-13-03175],[@B34-materials-13-03175]\] present the implementation of the DiC method for the selected laboratory tests of building materials. This method has also been used to measure local plastic deformation in the material during uniaxial tension \[[@B35-materials-13-03175],[@B36-materials-13-03175]\]. Some researchers measured plastic deformation and strain variables in the shearing processes with the use of DiC. Goijaerts et al. \[[@B37-materials-13-03175]\] measured the local strain values in the shearing zone during blanking process at low speed. Experiments were conducted with the use of 1 mm thick stainless steel sheets. Ghadbeigi et al. \[[@B38-materials-13-03175]\] analyzed the evolution of local deformations during thin high Si electrical steel sheets' blanking. Hu et al. \[[@B39-materials-13-03175]\] analyzed the influence of trimming die clearance on the predicted tensile stretching ductility of aluminum alloy sheet. They used the DiC method to observe the maximum strain areas that were obtained near the fracture. Stretchability decreased with the increasing trimming clearances. In \[[@B40-materials-13-03175]\], the authors used DiC for the validation of FEM models constructed to simulate plastic deformation and ductile fracture of sheet metal during blanking. With the use of DiC, the distributions and developing trends of effective strain and damage were predicted.

A review of the literature also indicates that numerous practical problems arise due to the proper calibration of resolution of the DiC measurement, which depends on the surface pattern's quality. At the beginning, a tested specimen need to be prepared applying a unique pattern of random speckles/dots on its surface. The speckle pattern can be the natural texture of the specimen surface \[[@B31-materials-13-03175],[@B32-materials-13-03175],[@B41-materials-13-03175]\]. In this work, we have conducted many tests to obtain reliable DiC conditions. Then, during the process, the observation of the characteristic zones' formation on the cut surface and its defects formation was possible ([Figure 3](#materials-13-03175-f003){ref-type="fig"} and [Figure 4](#materials-13-03175-f004){ref-type="fig"}). The results presented in this work show that it is possible to apply the DiC method to analyze the physical phenomena in the shearing zone during the shear-slitting process.

The images ([Figure 3](#materials-13-03175-f003){ref-type="fig"}) show the different phases of the process in the selected experimental process' conditions. At the initial stage of the process, it can be observed that the material's flow area occurs not only in the cutting zone, but also out of it ([Figure 3](#materials-13-03175-f003){ref-type="fig"}a). The material's flow outside the cutting zone is caused by an inappropriate selection of rake angle, and horizontal clearance values. The presented parameters' configuration, results in a rapid increase in the bending moment and the formation of a sheared edge's rollover zone in the initial phases of the process. The rollover causes propagation of cracking only from the upper knife's cutting edge, that runs outside the cutting area and is impossible to be controlled ([Figure 3](#materials-13-03175-f003){ref-type="fig"}b,c). This causes a high curved burr ([Figure 3](#materials-13-03175-f003){ref-type="fig"}d). A wide deformation zone and high material fibers' shifting can also be observed. As a consequence, on the sheared edge accumulation of high deformations occurs. Li \[[@B12-materials-13-03175]\] analyzed the trimming mechanism of autobody sheet depending on the rake angle of the trim tool. Analyzing the results presented in the work \[[@B12-materials-13-03175]\] and our results, it can be concluded that a higher rake angle leads to a greater concentration of contact pressure and high plastic deformation around the cutting edge of the angled tool ([Figure 4](#materials-13-03175-f004){ref-type="fig"}a).

Increasing the rake angle *α* at the maximum clearance *h~c~* = 0.15 mm reduces the material flow area and deformation-affected zone with material fibers' shifting, but speeds up the material cracking phase ([Figure 4](#materials-13-03175-f004){ref-type="fig"}a). The cut surface is more perpendicular to the sheet thickness, but is characterized by a sharp burr ([Figure 4](#materials-13-03175-f004){ref-type="fig"}b). The bending moment and rollover area in this case are reduced. A reduction in the clearance to the minimum value *h~c~* = 0.03 mm resulted in a significant reduction in the deformation-affected zone and material fibers' shifting ([Figure 4](#materials-13-03175-f004){ref-type="fig"}c). Cracking, in this case, starts both from the upper and lower knife cutting edges, and runs in a straight line, perpendicular to the thickness of the sheet. In this case, rollover and burr are minimal ([Figure 4](#materials-13-03175-f004){ref-type="fig"}d).

2.2. Quality of Sheared Edge {#sec2dot2-materials-13-03175}
----------------------------

The quality of sheared edge is analyzed in two steps. In the first step, depending on the given process parameters, the deformation-affected zone *f* near the cut surface is analyzed ([Figure 3](#materials-13-03175-f003){ref-type="fig"}c). In the second step, their impact on the cut edge profile and burr height is determined. [Figure 5](#materials-13-03175-f005){ref-type="fig"}a shows the effect of horizontal clearance and slitting speed on the width of the deformation zone.

The results indicate a significant impact of the horizontal clearance on the width of the deformation-affected zone. Along with the increase in the clearance value, the deformation zone increases, which is also presented in [Figure 3](#materials-13-03175-f003){ref-type="fig"}c. The maximum width of the deformation-affected zone amounts approximately to 36% of the sheet thickness *t* ([Figure 5](#materials-13-03175-f005){ref-type="fig"}a). A similar trend was observed in the work \[[@B42-materials-13-03175]\], in which the author analyzed the effect of trimming clearance on the width of the deformed zone of 5005 aluminum alloy cut on a guillotine. The increase in slitting speed caused a slight increase in the deformed zone's width for small clearances (*h~c~* = 0.03--0.05 mm). The simultaneous increase in the slitting speed and rake angle value resulted in reduction in the deformed zone ([Figure 5](#materials-13-03175-f005){ref-type="fig"}b). However, when using high slitting speeds (*v* \> 24 m/min) and clearances (*h~c~* \> 0.12 mm), it is unfavorable to use rake angle values from the range of *α* = 5°--20°. Selecting the rake angle values from the range of *α* = 30°--40°, results in less sensitivity of the deformation-affected zone's width than clearance and slitting speed values ([Figure 5](#materials-13-03175-f005){ref-type="fig"}c,d). However, for all rake angle values, an increase in clearance results in an increase in the width of the damage zone.

Cutting of the sheet with the use of mechanical cutting, leads to a typical sheared edge profile in the workpiece, that can be separated into four zones (areas): Rollover, burnish, fracture and burr ([Figure 6](#materials-13-03175-f006){ref-type="fig"}). The quality of the final product is determined based on the size of these zones. A high cut edge quality is correlated with the maximum burnished zone length, the minimum rollover, the fracture zones length, and the minimal burr height \[[@B43-materials-13-03175]\].

We present the selected sheared edges of samples received for a constant rake angle *α* = 30° viewed by "Vision Engineering" optical microscopy in [Figure 7](#materials-13-03175-f007){ref-type="fig"}. The values of the zones ([Figure 6](#materials-13-03175-f006){ref-type="fig"}) were measured from the selected locations above the cut edge in the z-direction, averaged and presented in [Figure 8](#materials-13-03175-f008){ref-type="fig"}.

[Figure 8](#materials-13-03175-f008){ref-type="fig"}a shows the impact of the slitting velocity and clearance on the burr height. The general trend observed in the light alloys during the shearing process is for the burr height of the work piece, which increases together with the increase in cutting clearance \[[@B12-materials-13-03175],[@B23-materials-13-03175],[@B24-materials-13-03175]\]. Lu et al. \[[@B10-materials-13-03175]\], for the shear-slitting plastic materials, observed that together with the slitting speed increase, the burr height decreases. The results at lower speeds show a less sensitive effect in burr height for plastic materials. From our results it can be concluded that for all the analyzed slitting velocities, the increase in the clearance from *h~c~* = 0.03 mm to *h~c~* = 0.09 mm results in an increase in the burr height. The highest burrs are reached when the slitting speed is set to *v* = 17 m/min, and clearance is set to *h~c~* = 6%*t*. It is necessary to use deburring operation, because in this case the height of the burrs is non-uniform along the line of shearing ([Figure 7](#materials-13-03175-f007){ref-type="fig"}i). According to the results presented in \[[@B10-materials-13-03175],[@B12-materials-13-03175],[@B44-materials-13-03175]\], burrs can become separated from the cut part and damages of edges visible in the form of transverse cracks will be formed. It could be a result of a significant gradient of clearances between tools along line of shearing. The formation of local burrs is an important problem occurring on the production lines, because they can tear off from the sheared surfaces increasing perpendicularity deviations. Because the burr formation is associated with the final rapture, much depends on the plasticity of the material. Higher ductility would lead to delayed rapture and formation of a burr higher than the one formed in a less ductile material \[[@B45-materials-13-03175]\]. So, it is very important to choose a proper value of a horizontal clearance and a rake angle of cutting tool. In guillotining processes, the use of small rake angle values and clearances for high ductility materials decreases the burr height and its unshapeliness, but increases the cutting forces.

In [Figure 8](#materials-13-03175-f008){ref-type="fig"}b, we present a graph of burnished width. Results have shown a high impact of selected parameters on this zone and its surface structure. When the horizontal clearance is set to *h~c~* = 6%*t*, the burnished zone is highly reduced ([Figure 8](#materials-13-03175-f008){ref-type="fig"}b) and the velocity effect is reinforced. A high burnished width (s = 66%t) is obtained when clearances of *h~c~* = 2%*t* and *h~c~* = 10%*t* are used. In these two cases, the effect of velocity on the burnished width is reduced. High velocity results in a course of plastic flow phase during shear slitting. This phase is less steady over a high range of velocities (*v* = 27--32 m/min) and characteristic peaks with the transition to sliding fracture can be observed.

Analyzing, guillotining, trimming and blanking processes \[[@B13-materials-13-03175],[@B15-materials-13-03175],[@B16-materials-13-03175],[@B18-materials-13-03175]\] make it evident, that a bending moment occurs for any horizontal clearance. Contact stresses are distributed along a certain area of the cutting tools' shearing edges and the cut material. As already indicated above, a bending moment has a strong influence on rollover formation on the sheared edge. Interestingly, at small slitting velocities, increasing the horizontal clearance increases the rollover, while at high velocities, increasing the clearance decreases the rollover ([Figure 8](#materials-13-03175-f008){ref-type="fig"}c). As a result, the highest values of this zone are obtained when *v* = 3--7 m/min, or high velocities *v* = 32 m/min are used.

When the horizontal clearance is small, cracks are generated from the both tools, and they propagate along a straight line, while when the clearance is large, the cracks only propagate from the upper or lower tool side and open the mouth. It depends on the stress state at the shearing region, which is affected by clearance between cutting edges of the tools \[[@B46-materials-13-03175]\]. During the cracking phase, the initiated crack propagates through the rest of the material thickness by (initial) stable growth or by becoming unstable. During the unstable phase, there is a possibility of taking by the crack the form of multiple paths, which results in a secondary burnish zone. Our experimental studies show, that this zone does not occur for the analyzed process parameters. The material's cracks proceed steadily and without multiple cracking paths. This research shows that the fractured area depends on both the horizontal clearance and slitting velocity ([Figure 8](#materials-13-03175-f008){ref-type="fig"}d). The smallest fractured zone values are obtained by using high cutting velocities (*v* \> 24 m/min) and small clearances (*h~c~* = 0.03--0.05 mm). For small cutting velocities, is possible to reduce the fractured zone with a clearance of *c* = 10%*t*.

3. FE and SPH Modeling {#sec3-materials-13-03175}
======================

Shear slitting involves rotation of blades, and differs from the other shearing operations, such as punching and blanking. In this process, the material is simultaneously cut in two directions instead of one \[[@B47-materials-13-03175]\]. Three-dimensional analysis is required for complex process analysis. Some of the researches have studied the process using FEM. Wisselink and Hu'etink \[[@B44-materials-13-03175]\], in order to calculate the residual stresses and strains in a steady state of such a process, by using the Arbitrary Lagrangian Eulerian (ALE) formulation worked out a finite element model of slitting. A simple, uncoupled damage model was used to characterize the material's behavior. Zhao et al. \[[@B48-materials-13-03175]\] worked out a FE model of galvanized sheets' disc slitting process. This model was used for deformation, fracture, calculation of shearing force, and for material effective stress distribution during the process of cutting. Zhang \[[@B49-materials-13-03175]\] conducted a study of proper calculation and selection of energetic parameters for disc shears. Ding et al. \[[@B50-materials-13-03175]\], developed a two-dimensional finite element model of metal sheets' shear-slitting. The shear failure criteria, combined with the element-deletion method, was implemented to the model. The effect of clearance on the burr height was analyzed. Ghozzi et al. \[[@B51-materials-13-03175]\] analyzed a double slitting process used to cut thick metal sheets. In the study, the influence of the main process parameters, such as the tool geometry and sheet thickness on cut edge formation and cutting force, was analyzed.

In this work, three-dimensional FE and SPH models of shear-slitting were developed in the FE software LS-Prepost package. The material formed in the cutting processes was subjected to very complex loading conditions. In order to analyze this process, it is necessary to use an advanced mathematical apparatus, including computer methods of mechanics. Thanks to this, it is possible to solve the problems with many variables, including nonlinearities. The shear-slitting process should be considered as a geometrically and physically nonlinear boundary---an initial problem, in which there are boundary conditions that are nonlinear, movable and changeable in time and space, and which are unknown in the areas of contact between the tool and the object. An updated Lagrange's description was used to describe the non-linear phenomena in the shearing region on a typical incremental step time. The aim of incremental analysis is to determine the geometry of the cut material, and the state of its velocity increment, displacements, accelerations, stresses, strains, strain rates, etc., in the subsequent, discrete moments of time τ = 0, Δt, 2Δt,..., corresponding to a certain small increase in time. The increments of strains and stresses were described respectively together with an increment of a non-linear strain tensor of Green--Lagrange, and an increment of the second symmetric stress tensor of Pioli−Kirchhoff. As far as the non-linear process analysis is concerned, there are many significant problems appearing in the given incremental description. They concern the selection of appropriate coordinate systems, defining measures of deformation and stress, and their increments, as well as determination of the rules of their accumulation at each incremental step. A variational function was used for the purposes of a variational formulation of the object movement's incremental equation. The mathematical model was supplemented with the uniqueness conditions \[[@B52-materials-13-03175]\]. The explicit integration method was used in the analysis. Variational methods are used in continuum mechanics to formulate the equations of motion \[[@B53-materials-13-03175]\]. Kukiełka \[[@B54-materials-13-03175],[@B55-materials-13-03175],[@B56-materials-13-03175],[@B57-materials-13-03175],[@B58-materials-13-03175],[@B59-materials-13-03175]\] used variational method to formulate the equations of motion for a typical incremental step and for nonlinear problems in metal forming processes, because there is nothing to account for the incremental formulation. In \[[@B5-materials-13-03175],[@B28-materials-13-03175],[@B59-materials-13-03175],[@B60-materials-13-03175]\], we present the detailed modeling algorithms and mathematical formulations applied to cutting processes. In this paper, this method has been used to model the shear slitting process.

We have developed an equation of motion for three-dimension body in the global Cartesians coordinate, by using the updated Lagrange incremental formulation. Assuming that a numerical solution has been obtained at discrete time points Δt, 2 · Δt,..., where Δt is the short step time, the solution for t + Δt is required. In this case, the incremental functional was formulated for increment displacement $\Delta\mathbf{F}\left( {\left\{ {\Delta{\overset{¨}{u}}_{i}} \right\},\ \left\{ {\Delta{\overset{˙}{u}}_{i}} \right\},\left\{ {\Delta u_{i}} \right\}} \right) = \Delta\mathbf{F}\left( \cdot \right)$, where $\left\{ {\Delta{\overset{¨}{u}}_{i}} \right\},\ \left\{ {\Delta{\overset{˙}{u}}_{i}} \right\},\left\{ {\Delta u_{i}} \right\}$ are the increment components of the acceleration, velocity, and displacement vectors, respectively. The variational equation of the object's motion was obtained by using the stationarity conditions of the functional $\Delta\mathbf{F}\left( \cdot \right)$. Then, by applying the FEM discretization and incremental decompositions, and approximating the velocity $\overset{˙}{\mathbf{r}}$ and acceleration $\overset{¨}{\mathbf{r}}$ vectors in terms of displacement **r** vector with the central difference method (DEM), and by using the following approximations:$$$$ the equation of motion of discrete object was obtained:$$$$ where $\left\lbrack \widetilde{\mathbf{M}} \right\rbrack$ is the effective mass matrix:$$\left\lbrack \widetilde{\mathbf{M}} \right\rbrack = a_{0}\left\lbrack \mathbf{M} \right\rbrack + a_{1}\left\lbrack \mathbf{C} \right\rbrack$$ as the sum of the mass $\left\lbrack \mathbf{M} \right\rbrack$ and the damping $\left\lbrack \mathbf{C} \right\rbrack$ matrixes of a discrete object and $\left\{ \widetilde{\mathbf{Q}} \right\}$ effective load vector:$$$$ where $\left\{ \mathbf{F} \right\}$ and $\left\{ \mathbf{R} \right\}$ are the internal and external force vectors, respectively, with the integration constants: $a_{0} = \frac{1}{\Delta t^{2}}$ and $a_{1} = \frac{1}{2\Delta t}$.

From Equation (2) the desired displacement vector $$ at the end of the step is obtained. $$$$

The procedure is repeated for each step in a given time interval $\left\lbrack {t_{p};t_{k}} \right\rbrack$.

The smoothed particle hydrodynamics method uses discretization, which does not require division of the analyzed body by means of a grid, as it is in FEM. The method uses kernel approximation. The detailed SPH modeling procedure is presented by us in \[[@B5-materials-13-03175]\]. In the first place, solving the numerical problems requires the discretization of the domain, for which the equations have been defined. In the next stage, the method for each point approximates each variable from the allowable space of the function and its derivatives. The approximation function is aimed at presenting partial differential equations in the form of a system of ordinary differential equations in a discrete form, with time variables. The SPH method is based on the smoothing function (describes the state parameters occurring in a particle), and on a set of discrete elements arranged in the studied space that the smoothing function is assigned to. In the SPH method, the maximum distance, at which the interaction occurs between the particles is called smoothing length, and the distance between particles is *d* (particle density). Proper discretization of the domain, as a result of which a set of particles is obtained, constitutes a very important step. For this purpose, several simulations were carried out for different discretization variants. From the point of view of reducing calculation time, a new hybrid approach was proposed. Tools-sheet contact areas, were described by SPH method with high density of particles. Non-contact areas were discretized with the use of FEM.

According to the experimental configuration of the test stand, the FEM and FEM-SPH simulation models shown in [Figure 9](#materials-13-03175-f009){ref-type="fig"} and [Figure 10](#materials-13-03175-f010){ref-type="fig"} were created.

In the previous studies, we conducted analyses of blanking process by using the SPH method \[[@B5-materials-13-03175]\]. Studies showed that the results of the simulation are very close to the experiments in the material deformation's characteristics and prediction of cutting forces. Simulations were carried out for spatial stress and strain states in the material. The developed application for the 3D modeling of the shear-slitting process allows for inclusion in the analysis of many technological parameters omitted in two-dimensional calculations, such as: length of the cutting line, value of the rake angle (α), knives radius values, method of fixing the sheet.

The process conditions for the numerical model are as follows: in the first phase of the process, vertical velocity (*v*~1~ = 200 mm/s) is applied so as to obtain the separation of the material in the cross-section. As a result of knives and roll rotations, the sheet moves along Z axis with the constant velocity *v*~2~. Length of the shearing line amounts to *l* = 50 mm, rake angle value is set to α = 7°. To reduce the calculation time, knives are considered as rigid bodies meshed with an 8-node Solid164 element type. After exploratory analyses, a decision was made to generate the mapped mesh with various sheet densities in tools-material contact zones. In case of calculations using the SPH method, it was necessary to create two material domains, in which the particles were tied to the FEM portion of domain using tied types of the contact ([Figure 9](#materials-13-03175-f009){ref-type="fig"}c).

The Johnson-Cook constitutive equation used in this study, allows to determine the dependence of yield stress on plastic deformation, taking into account the damage of the material \[[@B47-materials-13-03175],[@B61-materials-13-03175],[@B62-materials-13-03175],[@B63-materials-13-03175],[@B64-materials-13-03175]\]. The model considers the impact of strain rate and temperature on the yield stress values according to the relationship:$$\sigma_{Y} = \left( {A + B \cdot \varepsilon^{n}} \right)\left( {1 + C \cdot ln{\overset{˙}{\varepsilon}}^{*}} \right)\left\lbrack {1 - \left( \frac{T - T_{r}}{T_{m} - T_{r}} \right)^{m}} \right\rbrack$$ where *A*, *B*, *C*, *n*, and *m* are the Johnson-Cook constitutive model constants, ε is the equivalent plastic strain, ${\overset{˙}{\varepsilon}}^{*}$ is the normalized effective plastic strain rate, and *σ~Y~* is the yield stress \[[@B47-materials-13-03175]\], *T* is the workpiece temperature, *T~m~* is the material melting temperature, *T~r~* is the room temperature. For AA6111-T4 steel: *A* = 324.1 MPa, *B* = 113.8 MPa, *C* = 0.002, *m* = 1.34, *n* = 0.42 \[[@B62-materials-13-03175]\]. Constant coefficients of static friction *μ~s~* = 0.08 and kinetic friction *μ~d~* = 0.009, were accepted and described using Coulomb's friction model.

4. Numerical Results {#sec4-materials-13-03175}
====================

The results of numerical simulations are shown in [Figure 11](#materials-13-03175-f011){ref-type="fig"} and compared with the ones obtained experimentally. The analysis of the results shows that both the FEM and SPH methods accurately predict the characteristic features of the cut edge. The highest accuracy was obtained in the rollover and burr formations' mechanisms. From a practical point of view, correct burr prediction is particularly important. The [Figure 12](#materials-13-03175-f012){ref-type="fig"} presents validation of the FE and SPH models based on the comparative analysis of the burr height. As indicated in experimental studies, as the clearance increases, the burr height increases, what is reflected in the FEM and SPH models. The comparison between the experimental and predicted by models burr height values shows, that the differences do not exceed 15%.

In [Figure 13](#materials-13-03175-f013){ref-type="fig"} and [Figure 14](#materials-13-03175-f014){ref-type="fig"} there are presented the effective plastic strain values obtained from FEM and FEM-SPH models, measured at the points gradually spaced from the cut edge after the process. The maximum effective plastic strain value from both the models amounted approximately to 0.6 and is concentrated directly on the cut edge. It decreases together with the depth of the material. Stabilization occurs approximately at a depth from the cut edge 0.35--0.4 mm in both models. Some of the differences between the strain characteristics obtained from FEM and FEM-SPH models, resulted from friction characteristics, particle density, and SPH viscosity parameters.

In order to validate the measured force characteristics of the models, experimental data were compared in all the numerical simulations. In the FEM and FEM-SPH modeling, the resultant forces were analyzed. The experimental verification of the cutting force at steady state is presented in [Figure 15](#materials-13-03175-f015){ref-type="fig"}a for a selected example. The experimental verification of the maximal cutting force is shown in [Figure 15](#materials-13-03175-f015){ref-type="fig"}b. Values of forces obtained by numerical calculation show a little difference from the experimental results. The FEM-SPH model predicted these variables more accurately than the FEM model. However, for these models, the difference does not exceed 15%.

5. Optimization {#sec5-materials-13-03175}
===============

Optimization of the shear-slitting process was carried out on the basis of the developed mathematical models of the process (experimental and numerical). The optimization task is defined as follows: goal function-maximizing the efficiency of the cutting process-efficiency → max. Decision variables are the following: horizontal clearance *h~c~* є \[0.03--0.15\] mm, and slitting speed *v* є \[3--32\] m/min. Limitations are the following: burr height *h~b~* \< 0.1 mm, width of fracture zone *fr* \< 0.24 mm ([Figure 16](#materials-13-03175-f016){ref-type="fig"}). The task defined in this way makes it possible to reach high workpiece's technological quality, low costs of tool production, and to obtain high process efficiency. Graphic optimization was used to solve this task \[[@B65-materials-13-03175]\]. It allows for the easily determination of the area of acceptable solutions and optimal parameters of decision variables.

This solution is particularly useful for production reasons, as it allows to make decisions easily after analyzing the chart. Following the optimization of the cutting process, the optimal point of the process efficiency (for the highest possible cutting speed *v*) was determined, for which the decision variables assume the values: *v* = 32 m/min, *h~c~* = 0.062 mm.

6. Conclusions {#sec6-materials-13-03175}
==============

Despite of the development of cutting technology, there are still many problems to be solved on production lines. This applies, in particular, to the machining of difficult-to-cut materials, which includes the aluminum alloys. The main problem is that for individual cutting methods and the type of shaped alloy, it is necessary to use different process parameters, the correct selection of which causes problems due to a small number of publications related to the topic. This particularly applies to shear-slitting operations. This process is characterized by complex kinematics, due to using the machining parameters optimum for cutting with other techniques, which does not warrant obtaining high-quality products. As a result, in the shearing processes for AA6111-T4 sheets, edge fracture, rollover and burr formations on cut edge are observed. Based on the FEM and SPH methods, physical, mathematical, and numerical models were developed to enable a detailed analysis of these issues. The application of the updated Lagrange description allows for correct formulation of physically and geometrically non-linear dynamics issues. A variational approach to the object's motion equations is effective, which is the basis for their discretization by the finite element method, and then the solution of the discrete equations has been obtained with the use of the explicit method.

Based on the results of the research, the following conclusions can be formulated:The use of two FEM and SPH numerical methods, enabled gaining new knowledge about shear-slitting processes, which can help in choosing the best and the most accurate numerical method to simulate similar processes, especially those ones in which strong deformation, structure fracture and separation occurs.The conducted experimental research using vision systems allowed for observing the physical phenomena occurring within very small areas and running at high speeds. Thanks to that, it was possible to learn them more accurately, as well as to use the recorded images to validate simulation models in individual cutting phases. So far, the validation of simulation models has involved comparative analysis of cutting forces and the quality of the cut edge with the experiment offline (after the process). The presented method enables the analysis of accuracy and correctness of simulation models, in unstable phases inclusive, e.g., during separation, online.The most important and controllable parameters affecting the quality of the sheared edge include the slitting speed and the horizontal clearance. The results indicate a significant effect of the clearance on the deformation zone's width. Along with the increase in the clearance value, the deformation zone increased. Conditions affecting burr formation on the edge were also specified. The highest burrs were obtained when the slitting speed was set to *v* = 17 m/min and the clearance was set to *h~c~* = 6%*t*.The use of graphic optimization has enabled the determination of process conditions that allow for obtaining the highest quality of the cut edge for the given criteria. The most favorable conditions were obtained for *v* = 32 m/min, *h~c~* = 0.062 mm and *α* = 30°. The proposed methodology can be used to analyze various materials of different thicknesses formed by mechanical cutting.
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![FEM and FEM + SPH simulation models of the shear-slitting process: (**a**) isometric view, (**b**) front view, (**c**) discretization of sheets.](materials-13-03175-g009){#materials-13-03175-f009}
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![A comparison of the resultant force of the experiment and the simulation: (**a**) cutting force at steady state, (**b**) maximum force.](materials-13-03175-g015){#materials-13-03175-f015}
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materials-13-03175-t001_Table 1

###### 

Mechanical and thermal properties of AA6111-T4 aluminum alloy (at *T* = 20 °C).

  ------------------------------------------- --------------------
  **Young's Modulus**, *E*                    70 GPa
  **Elongation**, *A*~100~                    28%
  **Shear Modulus**, *G*                      26--26.5 GPa
  **Poisson's Ratio**, *ν*                    0.33
  **Tensile Strength**, *R~m~*                265--285 MPa
  **Fracture Toughness**, *K~IC~*             22--35 MPa·√m
  **Yield Strength Rp0.2**, *Rp*~0.2~         150--170 MPa
  **Coefficient of Thermal Expansion**, *α*   1.6E-5--2.4E-5 1/K
  **Specific Heat Capacity**, *c~p~*          887--963 J/(kg·K)
  **Thermal Conductivity**, *λ*               170--220 W/(m·K)
  ------------------------------------------- --------------------

materials-13-03175-t002_Table 2

###### 

The chemical composition of AA6111-T4 aluminum alloy \[% weight\].

  Si         Cu         Zn     Cr    Mn          Ti    Mg       Fe
  ---------- ---------- ------ ----- ----------- ----- -------- -----
  0.6--1.1   0.5--0.9   0.15   0.1   0.1--0.45   0.1   0.5--1   0.4

materials-13-03175-t003_Table 3

###### 

Shear-slitting parameters.

  ----------------------------------------------------------- ---------------
  **Horizontal Clearance**, *h~c~*                            0.03--0.15 mm
  **Vertical Clearance**, *c~v~*                              0.15 mm
  **Slitting Speed**, *v*~2~                                  3--32 m/min
  **Rake Angle of the Upper Knife**, *α*                      5°--40°
  **Upper Knife, Polyurethane Roll Radius**, *r*~1~, *r*~2~   15 mm
  **Lower Knife Radius**, *r*~3~                              20 mm
  ----------------------------------------------------------- ---------------

materials-13-03175-t004_Table 4

###### 

Five-level rotatable plan of experiment.

  Plan Level   Coded Variables   Real Variables                                 
  ------------ ----------------- ---------------- ------------- ------- ------- -------
  1            −                 −                −             0.054   8.87    12.09
  2            \+                −                −             0.125   8.87    12.09
  3            −                 \+               −             0.054   26.12   12.09
  4            \+                \+               −             0.125   26.12   12.09
  5            −                 −                \+            0.054   8.87    32.9
  6            \+                −                \+            0.125   8.87    32.9
  7            −                 \+               \+            0.054   26.12   32.9
  8            \+                \+               \+            0.125   26.12   32.9
  9            +α = 1.682        0                0             0.15    17.5    22.5
  10           −α = −1.682       0                0             0.03    17.5    22.5
  11           0                 +α = 1.682       0             0.09    32      22.5
  12           0                 −α = −1.682      0             0.09    3       22.5
  13           0                 0                +α = 1.682    0.09    17.5    40
  14           0                 0                −α = −1.682   0.09    17.5    5
  15           0                 0                0             0.09    17.5    22.5
  16           0                 0                0             0.09    17.5    22.5
  17           0                 0                0             0.09    17.5    22.5
  18           0                 0                0             0.09    17.5    22.5
  19           0                 0                0             0.09    17.5    22.5
  20           0                 0                0             0.09    17.5    22.5
